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Abstract
High-speed semieonduetor quantum dot saturable absorbers have
dramatically improved lasers to generate ultrafast optical pulses with a diverse range
of applications. The carrier escape and relaxation dynamics of an InAs/GaAs
quantum dot absorber waveguide were investigated using a heterodyne pump-probe
spectroscopy technique. The measurements of the absorption recovery of the
quantum dot waveguide were perfonned under applied reverse bias utilising both
single-colour and two-colour pump probe spectroscopy. The study revealed
differences in the intradot relaxation dynamics related to the initial population of the
ground state or the excited state of the quantum dots. It was concluded that phonon
mediated recovery dominates if the ground state is initially populated and that
Auger-mediated recovery dominates if the excited state is initially populated.
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Chapter One
1.1 General Introduction
Semiconductors form the basis of most modem information processing
devices. Electronic devices such as diodes, bipolar junction transistors, and field
effect transistors drive modem electronic technology. Optoelectronic devices such as
laser diodes, modulators, and detectors drive the optical networks. This is by no
means accidental, but is due to the microscopic nature of semiconductors, which
pennits the controlled variation of characteristic material properties by external
means over a wide range of parameters. In addition to devices, semiconductor
structures have provided the stages for exploring questions of fundamental physics.
Quantum Hall Effect and other phenomena associated with many-body effects and
low dimensions have been studied in semiconductor structures. [1]
The quantum dot semiconductor absorber has proved to be a vital and
versatile component in modem telecommunications systems and can thus be
expected to be a key element in the advancement of these systems. An in depth
understanding of the carrier dynamical processes of these stmctures is crucial in the
advancement of this technology.

1.2 Semiconductors
1.2.1 Semiconductor Band Structure
The properties of electrons inside semiconductors are described by the
solution of the Schrodinger equation appropriate for the specific semiconductor
crystal. The origin of this is due to the behaviour of atoms in solid state materials,
which have strong interactions and cannot be regarded as individual entities. The
valence (outer shell) electrons belonging to the system of atoms as a whole are not
bound to individual atoms due to these strong atomic interactions. Additionally,
electrons interact with each other and, in a real solid; atoms are vibrating causing
time dependent variations in the potential energy. The solution of the Schrodinger
equation for the electron energies in the periodic potential created by the collection
of atoms in a semiconductor crystal lattice, results in the broadening of the atomic
energy levels and the fonnation of energy bands. From quantum mechanical
principles, the lower energy bands are nonnally fully occupied with electrons first.
These lower bands are in general not important in determining the electrical
properties of the semiconductor material. The higher lying energy bands are
fundamental in determining the electrical and optical properties of a material. These
states originate from the atomic levels of the valence shell in the elements
composing the semiconductor. Some examples of the electronic structure of
semiconductors showing the higher lying states bracketed are shown below. The
outennost atomic levels are either s-type or p-type.

Semiconductors
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The figure below shows the generally used parabolic band model for the band
structure of a semiconductor material. At OK, the two highest lying bands are the
valence band and the conduction band. The valence band is entirely occupied with
electrons and the conduction band is completely empty. The forbidden region
between the two bands is expressed as the bandgap and possesses a specific energy
Eg dependent on its width. This bandgap energy defines a material in terms of its
electrical properties and semiconductors have energy gaps that exist typically in the
range of 0.1 eV to 3cV. Figure 1.1 relates the energy to the wave vector k. As this is
purely a model the E-k relationship is kept simple, however in all semiconductor
materials this relationship is more complicated with various numbers of valence
bands. All semiconductors can be classified as either direct bandgap or indirect
bandgap materials. In figure 1.1 the conduction band of the direct gap semiconductor
is shown as a solid line, while the conduction band of the indirect semiconductor is
shown as the dashed line. A direct gap semiconductor is where the minimum of the
conduction band and the maximum of the valence band lie at the same k-value.
There are certain allowable optical transitions, governed by transition rules, where
the energy and momentum (p = hk) of the electron and photon must be observed.
Hence, radiative transitions are favoured due to the conservation of momentum. That
is, that a photon is created when an electron and a hole combine resulting in the
electron's momentum and hole’s momentum (equal and opposite) being annihilated
10

(the momentum of the photon is negligible). Direet bandgap materials provide more
effieient absorption and emission of light. On the other hand, an indireet band gap
semieonduetor is one in whieh the eonduetion band minima and valenee band
maxima oecur and possess different k-veetors. As for direct bandgap materials, the
law of conservation of momentum must be adhered to in order for radiative
transitions to take place. This offset, caused by the differing k-vectors in the valence
band and conduction band, cannot be accounted for by a photon but rather a phonon.
However due to the momentum and energy conservation conditions, the probability
of an electron, hole and phonon being involved in a radiative process, is significantly
lower than that of the direct band gap semiconductor. As a result, indirect band gap
materials are generally not efficient light emitting devices and usually not used in the
construction of semiconductor lasers.

/ Indirect
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Figure 1.1 Schematic ofparabolic hand-structure of a semiconductor
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Electrons with energy in close proximity to the band minima behave as free
electrons, since the E-k relationship can be approximated by a parabolic curve. If an
external electric field is applied, they accelerate as if they are free particles in a
vacuum with periodic wavefrmctions which extend over the semiconductor material.
The presence of the periodic potential, due to the atoms in the crystal without the
valence electrons, changes the properties of the electrons. Hence, the mass of the
electron differs from the free electron mass and this is known as the effective mass.
The effective mass, m , of a semiconductor can be described by the equation below
where 8 is the energy and k is the wave vector.

m* = h- [dVdk^]-'

(1.1)

The effective mass of a semiconductor is obtained by fitting the actual E-k diagram
around the conduction band minimum or the valence band maximum by a
paraboloid. Most semiconductors can be described as having one band minimum at
k=0 as well as several equivalent anisotropic band minima at k not equal to zero.
There are 3 band maxima close to the valence band edge. These are shown in figure
1.1 and are called the light hole band, the heavy hole band and the split-off hole
band.
When investigating optical transitions it is important to discuss these
transitions in ternis of wavelength. To convert from the bandgap energy to the
desired wavelength, we assume that the photon energy is equal to the bandgap.

12

where Eg is expressed in eV. The equation to represent this relationship is shown in
equation 1.2 below.

Eg=hf=hc/?i»}i= 1.24/E^

(1.2)

A range of bandgap energies as a function of their respective lattice constants are
found in figure 1.2. These elements are particular materials, from columns III and V
in the periodic table, for wavelength emission in the 0.7 - 2.6pm range. The ability
to ‘tune' the wavelength of a material is possible by mixing two materials with
similar lattice constants. ‘Lattice matching' is vital in semiconductors since
mismatching leads to defects, which can greatly reduce the efficiency of photon
emission by providing non-radiative recombination centres
A perfect semiconductor crystal containing no impurities or lattice defects is
named an intrinsic semiconductor. The concentration of mobile charge carriers in a
semiconductor can be vastly increased by introducing appropriate impurities into the
crystal lattice. This process is called ‘doping’. An example is when silicon is doped
with boron and the result is a predominance of holes which increases the carrier
concentration. [1]
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Figure 1.2 Bandgap energies of common semiconductors as a function of their
lattice constants.

1.3 Density of States
The interdependences of the free carrier concentration, the impurity
concentration (dopants), the impurity ionisation energy as well as some other
constants and material parameters are given by semiconductor statistics.
Semiconductor statistics describe the probabilities that a set of electronic states are
either vacant or populated. Electronic states include impurity states as well as
conduction and valence band states. The states in these bands and their dependence
on energy are described by the density of states. Essentially, the density of states of a
14

system describes the number of states at each energy level that are available to be
occupied. The density of states p (E) may be defined as;

P(E) = dN/dE

(1.3)

where N is the carrier density and E is the energy.
The dimensionality of semiconductors has decreased significantly over the
past two decades. A substantial jump came with the introduction of quantum wells,
which were preceded by bulk materials. In quantum wells there is one dimensional
confinement which is comparable to the De Broglie wavelength of the material.
Further advances led to the quantum wire and subsequently to the quantum dot
(QD), where the carriers are confined in all three directions originating from [2].

1.4 Recombination Processes
Recombination is part of a process to restore equilibrium in a semiconductor
that has been perturbed out of equilibrium. These ‘perturbations’ can be in the form
of an applied electric field, a change in temperature or exposure to light.
Recombination can be either a radiative or non-radiative process. There are a few
important types of radiative recombination, the first of these being spontaneous
recombination. Spontaneous recombination is when an electron in the conduction
band spontaneously recombines with a hole in the valence band. The emission rate of
spontaneous recombination is governed by the fact that the presence of both
15

electrons and holes are necessary, hence, it is proportional to the density of electron
and holes, Ne

. However, charge neutrality requires that the number of holes and

electrons is equal; therefore the spontaneous recombination rate is proportional to N

2

(not taking into account the bimolecular recombination constant).The photons
emitted from spontaneous recombination do not generally contribute to a coherent
radiation field as they are incoherent. Absorption, the next process takes place when
a photon of energy equal to or greater than the bandgap (Eg) stimulates an electron in
the valence band to the conduction band, leaving a hole in its place in the valence
band. Because this process is ‘stimulated’ by a photon, it is known as stimulated
absorption (R12) and stimulated emission (R21) also exists. Stimulated emission, the
last radiative recombination process, occurs when an incident photon of energy
greater than Eg stimulates the recombination of an electron and hole and
simultaneously generates a new photon. This emission is coherent and hence is the
fundamental recombination process in semiconductor devices. Figure 1.3 below
displays the three types of radiative recombination.

Radiative Recombination

▲

r

Ec

R,

R^2

R21

Figure 1.3 Radiative recombination processes in a semiconductor
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Non radiative processes are those which involve electrons and holes which
do not emit photons and many of these types of processes exist. A common nonradiative process is known as Auger recombination

(Rauger)-

Auger recombination

occurs when the energy released by the combination of an electron and hole is given
to another electron or hole. Hence, this process requires the presence of an electronhole pair and an additional electron or hole and thus, its rate is proportional to N .
Another common non-radiative process involves an area known as a point defect,
where an energy level in the middle of the energy gap ‘traps’ an electron from the
conduction band temporanly before releasing it to the valence band

(Rdefect)-

This is

sometimes called trap-assisted recombination and is a mono-molecular process as it
does not require the presence of both an electron and a hole. Thus, the non-radiative
rate tends to be directly related to the carrier density N. Figure 1.4 below illustrates
the non-radiative recombination mechanisms mentioned as well as recombination
due to surface defects in the semiconductor material

(Rsurface )•

Non Radiative Recombination

L

T
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V

D
•'2 elect

D
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Figure 1.4 Non-radiative recombination mechanisms in a semi-conductor
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1.5 Quantum Dots
Quantum dots are microscopic man-made structures that typically
vary from lO's to lOO’s of nanometres in size. They are usually composed of a small
piece of semiconductor material embedded in another semiconductor material. The
dimensions are of the order of the De Broglie wavelength of the electron and
particles, conduction band electrons and valence band holes, in all three spatial
directions. The confinement usually has three main causes, the presence of the
semiconductor surface, the presence of an interface between different semiconductor
materials, electrostatic potentials or a variety of these.
A quantum dot represents a quantum mechanical potential well in three
dimensions for electron and hole carriers, which accounts for the specific electronic
states and density of states for the confined particles. Hence, the quantum dot has a
discrete quantised energy spectrum and the consequent wave functions are localised
within the quantum dot, but expand over the entire crystal lattice.
The quantum dot, because of its discrete energy level, has a finite number of
electric charges. For an ideal quantum dot, there are distinct energy levels,
corresponding to a delta-shaped density of states, with no states in between the delta
peaks. Figure 1.5 illustrates the contrast between the density of states for bulk
semiconductor material (3D), quantum well (2D), quantum wire (ID) and quantum
dot (OD). Because quantum dots exhibit similar electronic and optical characteristics
to atoms, they can be described as “artificial atoms”.

18

(a)

(d)

Figure 1.5 Density of states for (a) Bulk material, (h) Quantum wells, (c)
Quantum wires and (d) Quantum dots

In contrast to atoms, the confinement potential in quantum dots does not
necessarily show spherical symmetry, and the electrons move in the semiconductor
material and not in free space. Similar to atoms, energy levels of quantum dots can
be probed by optical spectroscopy techniques. QD’s can be designed to have specific
energy levels, which is normally achieved by controlling the semiconductor material
composition or the quantum dot dimensions. Figure 1.6 shows a typical energy level
structure, including conduction bands, valence bands and wetting layers (WL) in an
InAs/GaAs quantum dot [1].
19

('luuimnnn

irK-\

0 ‘)3 cV'
'
, 1

1 ‘ ^ IMi'V

1

iih'N'

’ 1 triL-\'
iiic\'
?" tiiL-X'
55

.........

<'l ii)c\’

_ > mil

2‘i-2S mil
. ■ •••!

• 'J r'•[■'•if'

3D Continuum 5

*

fwA/K i '/(//i H fui\ iihii hit\< t

Figure 1.6 Schematic of Typical electronic structure in InAs/GaAs quantum dot

1.5.1 Fabrication Techniques of Quantum Dots
In recent decades, considerable efforts have been devoted to the realisation of
semiconductor hetero-structures that provide carrier confinement in all three
directions. Initially, mostly methods such as lithographic patterning, electron beam
lithography and focused ion beam lithography, and etching of quantum well
structures have been employed. However, the feature sizes of the structures were still
20

larger than the desirable level. In another approaeh, cleaved edge overgrowth has
been used to fabricate electronic QDs at the junction of three orthogonal QWs. The
disadvantage with these structures is that they contain additional emission from
sidewalls.
Self-organised QD formation without any artificial patterning is by far the
most common and effective growth technique. It realises the highly dense arrays of
QDs, shows high optical perfonnance and offers the possibility of ‘ordering’ the
shape, size and position of the QD.
Epitaxial growth technology such as molecular beam epitaxy (MBE) and
metal organic vapour chemical deposition (MOVCD) are required to grow single
crystal lattice matched layers on the substrate where the thickness may be controlled
on the atomic scale precisely. MBE takes place in an ultra high vacuum and is a
physical deposition process which provides exceptional thickness control and
unifomiity. However, in MOVCD, the growth takes place in a flowing gas.
Compounds in a gaseous state are fed into a reactor chamber and the gas separates
into the necessary elements for growth due to collisions in the gas or chemical
reactions on the substrate. The advantage of this technique is that there is the
possibility for surface defect removal.
The devices investigated in this thesis were grown by a “self assembly”
method known as Stranski- Krastanov growth. This involves depositing a very thin
layer of material; know as a monolayer, to a substrate. At some critical thickness,
due to the lattice mismatch between the layer and the substrate, this layer begins to
break up, spontaneously and form small islands on the substrate surface. By varying
the temperature, layer thickness and crystal axis orientation, different dot dimensions
21
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and shapes may be grown. Nevertheless, since the formation of these QD’s is still a
naturally occurring process, only limited control over their size and shape is possible
and a spread of energies still exists and as a result leads to inhomogeneous
broadening in the gain medium.

1.5.2 Characteristics of Quantum Dots

The increased confinement in quantum dots facilitates population inversion
and provides the structures with numerous gain and absorption characteristics
suitable for mode-locking applications. These include broad gain spectrum [3] and
strong spectral hole burning (SHB) effect [4].Ultralow linewidth enhancement factor
(explained later in this chapter) and negligible wavelength chirp have also been
observed in QD’s [5]. A very important feature of QD’s is their fast carrier dynamics
and gain/absorption recovery time [6] .In addition, quantum dots can possibly exhibit
very weak quantum confined stark effect (QCSE) (explained later in this chapter) [7]
and low absorption saturation energy. The possible weak QCSE in QD’s may be due
to the relatively high barrier height and the small size of the QD’s along the
electrical field. The weak QCSE is very attractive for mode-locking applications of
QD laser, where a reverse bias can be applied to reduce the QD absorption recovery
time without increasing the absorber loss. Low absorption saturation energy can
enhance the QD pulse shortening mechanism, in mode-locked lasers, due to the
pulsewidth a Psat'^^ [8].

22

1.5.3 Recombination Processes
Fundamentally, carrier relaxation in quantum dots should differ drastically
from that in structures of higher dimension, such as quantum wells. This is due to the
discrete energy structure of the QDs which imposes a number of restrictions on the
relaxation processes. The understanding of a specific relaxation process depends on
specific properties of the QD system and experimental conditions. These include
energy structure of the QD’s, electron-hole interaction (excitonic effect), phonon
energy spectrum, electron-phonon interaction, number of carriers in a QD,
temperature, and electric current through the structure.
Generally, one considers a few mechanisms in QD carrier relaxation. The
first one is the radiative relaxation of the “hot carrier’ when the carrier emits a
photon. This process and the discrete energy spectrum of QDs are those intrinsic
properties that allow one to consider the QDs as ‘artificial atoms’. The second
process is phonon-assisted relaxation. This is where the “hot carrier” relaxes to its
ground state with spontaneous emission of one or more phonons. This process can be
treated as an intrinsic relaxation mechanism because it can occur in the absence of
any other quasiparticles (carriers, photons etc.), under weak excitation and at low
temperature. Hence, it can be assumed that it determines the lower limit of the
relaxation rate. Phonon-assisted processes are expected to be slow due to the
weakness of the electron-phonon interaction [9]. Inefficient relaxation arising from
phonon-processes is known as the ‘phonon-bottleneck’. The relaxation processes that
take place in semiconductor quantum dots can be regarded as interfering with the
basic understanding of the phonon interaction in localised systems. Due to the
mesoscopic character of the wavefunctions in QD’s, they exhibit weak phonon23

coupling and high oscillator strength. Hence, it was predicted in [10] that energy
conservation restriets the relaxation to a narrow energy window around the LOphonon energy (or multiples thereof). Thus, it is assumed, that relaxation between
discrete energy states of QD’s will be slower, in general, than recombination
processes due to the laek of suitable final states. This is the origin of the ‘phononbottleneck’ effect. The phonon bottleneck was demonstrated for quantum dots in
[11].

The last mechanism is the relaxation eommonly referred to as Auger
processes. This relaxation is caused by the seattering of the earner by another carrier
located in the quantum dot or in the surrounding material. Specifieally, one of the
carriers loses its excess energy and another one acquires it. Auger-type relaxation
proeesses are known to be fast. This is due to the fact that the carriers as eharged
particles interact with each other more strongly than with phonons. However, the
effieieney of the mechanism is low as there is a requirement for several carriers to be
in or near the QD.

1.6 Semiconductor Saturable Absorbers
1.6.1 Quantum Confined Stark Effect
In a semieonduetor heterostructure, the Stark effeet ean be greatly enhaneed
by bound excitons due to the faet that the eleetron and hole which form the exciton
are pulled in opposite directions by the applied electric field. However, due to the
heterostrueture, they remain eonfmed in the smaller bandgap material, and the
exciton is not merely pulled apart by the field.
24

Electro-optic effects, such as the Franz-Keldysh effect in bulk materials and
the quantum confined stark effect (QCSE) in quantum confined structures, induce
strong opto-electronic non-linearities which provide the foundation for optical
modulators (electro-absorption modulators). The QCSE takes place for quantum well
widths smaller than the exciton bohr diameter and for well widths that are larger,
there is a transition to the Franz-Keldysh effect.
The diagram below (figure 1.7) illustrates the quantum confined stark effect
in a semiconductor quantum confined structure.
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Figure 1.7 Quantum Confined Stark Effect with applied reverse bias in a quantum
confined structure.
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The energy (hcoi) that is neeessary to lift the lower partiele to the position of the
upper one is directly proportional to their height difference and is equal to the
minimum photon energy required for an absorption process. If an external electric
field is applied, the energy bands are tilted and the particles are spatially separated.
However, they have acquired positions closer to one another in terms of
height/energy difference. Hence, photons with less energy (h(02) are capable of
overcoming the energy gap even though the actual separation (Eg) has remained
constant. In essence, the energy levels are shifted from their zero-field positions and
this is the QCSE. Under reverse applied bias, the electronic levels are shifted such
that

the

interband

absorption

experiences

a red

shift

(shift

to

longer

wavelengths/lower energies), and the wave functions are distorted such that their
overlap decreases. Accordingly, the absorption coefficient is reduced and the
absorption amplitude peak decreases as the spatial carrier separation lowers the
possibility to find electron and hole coinciding as expressed by a reduced wave
function overlap (figure 1.8).

Figure 1.8 QCSE due to applied reverse bias
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The QCSE in quantum dots is shown schematically in figure 1.9 below. The
effect is fundamentally comparable to the effect for quantum wells, quantum wires
etc. There is a lowering of the barrier height, a redshift in the absorption and an
almost triangular barrier formation.

E= 0
E
QD levet'

QD level"

Intersubband
transition

---|--p- QD level
'

^ Interband

a
Inter band
transition

transition

QD

QD

QD

Figure 1.9 QCSE in a quantum dot

1.6.2 Principle of Operation of a Saturable Absorber
The absorption behaviour of the active material is the most essential
characteristic of an electroabsorption modulator. Fundamentally, a saturable absorber
is an optical component or material that has a degree of light absorption that
decreases with increasing light intensity or at high optical intensities. Under
conditions of strong optical excitation, the absorption is saturated because possible
initial states of the pump transition are depleted while the final states are partially
occupied. After a short period of time of excitation, there is partial recovery of the
absorption as the carriers in each band thermalise. After a longer period of time

27

(typically between a few pieoseeonds to nanoseconds), recombination will start to
occur and the earners will be removed. This process, attributed to the QCSE is
demonstrated in figure 1.10.
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Figure 1.10 Operation of a semiconductor saturable absorber

The vital parameters for a saturable absorber are the recovery time, the
dynamie response, the wavelength range and the intensity or pulse energy density at
which it saturates, known as its saturation fluenee. Other important properties are the
unsaturable losses (part of the tosses which cannot be saturated), the modulation
depth (the maximum possible change in optical loss) and the damage threshold. The
utilisation of semiconductors was pioneered by Islam et al in [12]. The advantage of
using semiconduetor materials as saturable absorbers is that in general they can
28

absorb over a wide range of wavelengths and, by altering the structure design and
growth parameters, the maximum saturation intensity and absorption recovery time
can be manipulated.
There are numerous and varied applications of semiconductor saturable
absorbers in the area of optical pulse processing and computing. However, the main
applications are in passive mode-locking and Q-switching of lasers. In essence, the
generation of ultra short pulses. Saturable absorbers are modified to suit the
particular application. In short-pulse generation and modelocking, semiconductor
saturable absorber mirrors (SESAM’s) are frequently utilised, particularly for lower
pulse energies. For passive Q-switching of solid state lasers in the 1 pm spectral
range, Cr'^^iYAG saturable absorber crystals are normally used, and for the 1.3 pm
range,

:YAG can be utilised. In several mode-locked lasers, a saturable absorber

section is created simple by not pumping that region. Quantum dot based saturable
absorbers have also been demonstrated, for example those based on lead sulphide
[13]. A saturable absorber can also be used as a pulse smoother or a power limiter
and an energy limiter (pulse shortener) of laser pulses. It should also be noted that a
‘fast saturable absorber’ is one in which the recovery time is well below the pulse
duration, whereas a ‘slow saturable absorber’ is one with the recovery time well
above the pulse duration.

1.6.3 Mode-locked Lasers
Mode-locking (ML) is a group of techniques exploited to produce ultrashort
pulses and mode-locked lasers emit these ultrashort pulses on the basis of this
method.
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The origin of the term ‘mode-locking’ comes from a description in the
frequency domain. In a laser resonator (a cavity in which laser radiation can circulate
and be passed through a gain medium to compensate for optical losses), a short pulse
is produced when the fixed phase relationship is achieved between its longitudinal
modes, or more specifically, between the lines of the spectrum of the laser output.
However, the concept of resonator modes becomes questionable under the influence
of strong optical non-linearities. Pulse generation through the ‘phase locking’ of
longitudinal modes results in oscillations at a pulse-train repetition frequency or
mode-lock (ML) frequency (fiviL) determined by the cavity round-trip time or its
harmonics. This is represented in the equation below;

fML = N,/2n,L

(1.4)

where N is the number of pulses circulating in the cavity, c is the light velocity in
vacuum, Ug is the length-averaged group velocity index and L is the laser cavity
length. It should be noted that in a conventional ML structure which possesses a
saturable absorber at one end of the laser cavity, N=l. Whereas, in a colliding pulse
ML laser structure, the SA is localised in the middle of two gain sections and the
repetition frequency is increased by two times for the same cavity length and hence
N=2.
To produce short pulses from laser diodes a variety of mode-locking
techniques and device structures have been demonstrated and optimised. Essentially
there are three main methods of mode-locking: active, passive and hybrid which is a
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combination of both active and passive. A mode-loeked laser contains either an
aetive element (an optieal modulator) or a non-linear passive element (a saturable
absorber), whieh is the main component in the generation of an ultashort pulse
eireulating in the cavity. In steady state, the diverse effeets influeneing the
cireulating pulse are in balance so that the pulse parameters remain unaltered after
eaeh completed round trip. Every time the pulse hits the output eoupler mirror within
the resonator, a pulse suitable for usage is emitted, so that eventually a regular ‘pulse
train’ exits the laser. Figure 1.11 below displays a typieal femtoseeond ML laser
resonator setup with a gain medium eomposed of erystal or glass and a prism pair
used for dispersion compensation. The saturable absorber mirror or SESAM is the
passive element in this setup used to generate the ultra-short pulses

laser
crystal
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u
prism
pair

saturable
absorber
mirror

output
coupler

Figure 1.11 Schematic of a mode-locked laser
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Active Mode-locking
Active mode-locking was first investigated in 1970 using Gaussian pulse
analysis and later by Haus using the master equation approach. Essentially, active
mode-loeking consists of the direet and periodie modulation of the gain section in
the laser resonator with a frequency equal to the repetition frequency in the cavity.
Another way to describe that an RF signal is applied which modulates the cavity
losses or of the round-trip phase change with a frequency equal to the intennodal
spacing. This can be achieved, for example, with an aeousto-optie modulator, an
electro-optic modulator, a Mach-Zehnder integrated-optic modulator, or a
semiconductor electro-absorption modulator. This technique is demonstrated in
figure 1.12.

gain
medium

/

modulator

Figure 1.12 Active mode-locked laser schematic

There is a clear advantage with this method in that there is the capability to
synchronise the laser emission output with the modulating electrical signal. This is
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vital for optical transmission and signal-processing applications. If the RF signal is
synchronised with the resonator round trips, this causes the generation of the
ultrashort pulses.

Passive Mode-locking
In passive mode-locking, a saturable absorber, which is the most vital
element, acts as the discriminator between continuous wave and pulsed operation
and allows self-start of the mode-locking operation. However, most vitally, the
saturable absorber plays a crucial role in the shortening of the circulating pulses. The
presence of the two different timescales (as described in the section on saturable
absorbers) is particularly useful for mode-locking. The longer time constant results
in a reduced saturation intensity for a part of the absorption, which facilitates self
starting mode-locking. On the other hand, the faster time scale is more effective in
shaping subpicoseconds pulses.
Theoretically, the fundamental physics of the passive ML in a QD laser
remains the same as in other lasers. The primary difference in that the SA section
saturates faster than the gain section so that there is a narrow net gain window for the
pulse amplification. Nevertheless, the interaction between the gain section, the
absorber section and the carrier lifetimes results in a self-stabilising pulse rotating
around the cavity. Illustrated below in figure 1.13 is a schematic of the main
components that form a two-section mode-locked laser diode. The gain section is
nomially pumped by a constant current (forward bias) to generate enough gain to
enable lasing. Normally on the start up of laser emission, the laser modes start to
oscillate in noisy bursts, due to their relative phases being random. A reverse biased
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voltage is applied to the saturable absorber section. This has the effect (as described
in the section above) of causing a lowering of the barrier height, and a triangular
barrier formation, whose width can decrease sufficiently to allow carriers to tunnel
from the GS at high applied voltage. If one of the random phased pulses has
sufficient energy such that its rising slope matches the saturation fluence of the
absorber, it will bleach the absorption. Hence, the low-intensity wings will become
much more attenuated and around the peak of the “energy burst”, the loss will be
significantly smaller. After the passage of the optical pulse through the SA, the
electrical field sweeps the carriers out of the active region and returns the section to
the high loss rate. The “peak pulse” will be amplified and further shortened as it
travels back and forth within the cavity. Eventually, steady state will be reached and
a mode-locked pulse train will emerge.
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Figure 1.13 Passive mode-locked laser setup

The pulse shaping of the mode-locked pulse is also vitally important and the
dynamics of the gain and absorption are highly important for this. When the laser is
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in normal steady state operation, the unsaturated losses are higher than the gain.
Figure 1.14 describes, in terms of intensity against time the events that occur in the
lead up to pulse generation. Each time the ‘leading edge’ of the pulse hits the
absorber, the loss saturates more quickly than the gain and this produces the ‘net
gain’ window observable in figure 1.14.

Figure 1.14 The loss and gain dynamics that lead to pulse generation in passive
mode-locked laser

After a specific period of time, the absorber recovers from this saturated state and
returns to the initial state of high loss, hence attenuating the pulse. The dynamics of
both the gain and absorber sections, characterised by the recovery associated with
the carrier escape and capture processes, are governed by two rate equations for the
time evolution of the occupation probabilities and carrier densities. Hence, it can be
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seen that the recovery time of the absorber is of paramount importance in the
fonuation of the pulses. Practically, by applying a reverse bias to the SA, the carriers
that are photo-generated by the pulses can be more efficiently swept out of the
absorber, aiding the recovery time and at high bias even shortening the pulses
further. The first observation of passive mode-locking in a quantum dot laser was
reported by Huang et al [14].

Instabilities
The most common cause of instabilities in mode-locked lasers is due to the
laser generating multiple pulses with unstable spacing or unstable energy. However,
specific modelling can predict these instabilities and possibly track them and provide
solutions. Noise, including phase noise and intensity noise can also influence
negatively the pulse output. Random fluctuations of the pulse positions, known as
‘timing jittery and chirp also cause unstable pulse output.

1.7 The Linewidth Enhancement Factor
The material characteristics of semiconductors caused by the energy band
interaction highly influence their performance. Semiconductor materials (and lasers)
are usually characterised by a large gain spectrum and can also display a variation of
their refractive index with carrier density. The Kramers-Kronig relations in
semiconductors relate to the material response, and connect the gain and refractive
index (real and imaginary parts respectively) which depend on the carrier density. To
quantify this change in gain and refractive index with carrier density, the linewidth
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enhancement factor, or a-factor, was introduced by Henry [15]. The equation which
represents the a-factor is shown below:

a = - (47r/}i)((dn/dN)/(dg/dN))

(1.4)

where n is the refractive index, g is the optical gain, N is the carrier density and X is
the wavelength. The minus sign in the relation ensures the quantity is positive, since
the change of refractive index with carrier density is usually negative. The a-factor
can also be described as the phase-amplitude coupling and thus changes in gain or
amplitude cause changes in the phase and vice versa. The importance of this lies in
the fact that large changes in phase cause fluctuations and can consequently lead to
instabilities in a semiconductor laser output.
Quantum dot devices are different from other semiconductor structures in
terms of the a-factor. Simple models suggest a very small, even negligible a-factor,
which can be understood by taking into account the carriers in the QD structure. The
linewidth enhancement factor was observed in a semiconductor saturable absorber
material in [16]
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Chapter 2
Pump Probe Spectroscopy
2.1 Introduction
Pump-probe spectroscopic measurements are a family of techniques used to
investigate ultrafast phenomena. Fundamentally, an optical pump pulse is used to
excite the sample material and a probe pulse is used for probing or detecting the
change of an optical property, As, typically transmission, after an adjustable time
delay. Repeating this process for various time delays

tj

provides the function As (id)

and depending on the light-matter interaction, this function is related to the material
parameters such as carrier density.
The ultrafast optical response of active semiconductor waveguides provides
vital information for the elementary understanding of semiconductor material
dynamics as well as for the assessment and development of high-speed photonic
devices. The advancement of ultrafast pump-probe spectroscopy has been closely
related to the progression of sub-picosecond laser sources, and these ultrafast pulses
are essential for the investigation of the relaxation and carrier dynamical processes in
semiconductor materials. The pump-probe spectroscopic technique provides direct
time-domain measurement of the gain and refractive index non-linearities in optical
waveguides with sub-picosecond resolution.
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2.2 Experimental Set Up
One of the main challenges in the design of pump-probe spectroscopy
experiments is the ability to distinguish between the pump and probe pulse beams.
The importance of this is paramount as all the information about the material is
‘carried’ in the probe beam. There are three primary ways of achieving this. The first
is through ‘spatial geometry selection’, which involves the pump and probe beams
arriving at different angles to the detector, however, there are numerous technical
difficulties with this technique. The second method entails the cross polarisation of
the pump and probes beams, e.g. pump beam can be orthogonally polarised by
placing a half-wave plate in the pump arm and rotating it’s polarisation by 90". The
major disadvantage with this technique is that it is non-independent of the
polarisation anisotropy of the material being investigated. In response to these
methods, the ‘heterodyne pump-probe spectroscopy’ scheme was invented where the
beams are co-linear and co-polarised.

2.2.1 The Laser System: Generation of Femtosecond pulses
A reliable, stable source of ultra-short pulses is essential when performing
ultrafast pump-probe spectroscopic measurements. The generation of pulses within
or in close proximity to the telecommunication wavelength range, 1050-1600nm,
was greatly enhanced with the development of the Titanium Sapphire (Ti:Sapphire)
mode-locked laser. The Titanium Sapphire laser, which emits in the spectral range of
700-1 lOOnm, can be coupled with an optical parametric oscillator (OPO), which can
efficiently transform the output wavelength of the Ti:Sapphire to the spectral range
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of 1050-1600nm. These two components, including a Verdi diode pumped laser
which pumps the Ti: Sapphire laser, form the femtosecond generation section of the
experimental setup utilised in these investigation.
A solid state, diode pumped Nd:Vanadate laser with emission wavelength of
532 nm pumps the Ti:Sapphire laser. The Nd:Vanadate laser, Verdi, is manufactured
by Coherent and provides an 8W continuous wave output. This laser pumps a
Coherent Mira 900-B mode-locked Ti: Sapphire laser.
The active medium in the Mira laser is a Ti

doped Sapphire crystal which

contains titanium ions, which absorb the green light emitted from the Verdi laser.
These ions then emit light in the 700-1 lOOnm wavelength range. The advantage of
using Ti:Sapphire lasers is that they can be easily tuned to the required pump
wavelength and allow one to work with very high pump brightness due to their
excellent beam quality and high output power. The active crystal is also chemically
inert and highly mechanically resistant which is extremely important. The type of
mode-locking employed in the TiiSapphire laser is Kerr lens mode-locking, which
utilises non-linear self-focussing. Kerr lens mode-locking is a form of passive mode
locking which utilises an artificial saturable absorber based on Kerr Lensing in the
gain medium. This method has enabled the generation of the shortest pulses (down
to ~5 fs ) in Ti:sapphire lasers.
Before the Kerr lens mode-locking can take place, it is necessary to initiate
the fonnation of pulses as in the beginning when the Ti:Sapphire crystal is pumped
with the green 532nm light from the Verdi V8 , the Mira 900-B operates in CW
mode. A ‘starter’ is used which changes the cavity length in the Mira at sufficient
speed, and this alters the optical path length traversed by the input beam. This
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process is extremely rapid and cases the formation of pulses. After some time, these
pulses become mode-locked and higher intensity beam is produced. At this stage the
Kerr lens mode-locking takes over and the starter operation is impeded. The
Ti:sapphire crystal induces the Kerr Effect and this is defined as a non-linear
response in the refractive index caused by a high intensity input beam. This can be
expressed in the equation below;

An = n2l

(2.1)

An is defined as the change in the refractive index, n2 is the non-linear
refractive index and I is the intensity of light. The intensity of the input light should
be greatest at the centre of the beam and hence, the lens becomes a gradient lens. The
beam, after passing through the ‘Kerr lens' is narrowed and the pulse exits the Mira
slit easily and, due to multiple oscillations within the cavity, amplified. The time
between pulses is 13.2ns (repetition rate of 76MHz) and given by the time taken to
complete one round trip of the Mira cavity. Pulses of width 200fs are attainable from
the Mira (without control mechanisms) with a beam power of 1.1 W and energy per
pulse of 14nJ.
To convert the pulses from the wavelength range outputted from the Mira to
the desired wavelength range, an optical parametric oscillator (OPO) is utilised,
which essentially converts the input laser wave into two output waves of lower
frequency by means of nonlinear optical interaction. The mode-locked pulses from
the Mira pump an OPO PP Automatic manufactured by APE GmbH. The OPO
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achieves its gain from parametrie amplifieation in a non-linear eystal. Simply, it
eonverts a pump photon (from the Mira) of high energy into two photons of lower
energy .It is designed for highly efficient transformation from the Ti:sapphire range
to 1050-1600nm range. There is also an idler wavelength produeed but this is not of
use in this setup. By varying the cavity length with a piezo-electrie element, the OPO
wavelength ean be tuned and thus generates trains of jitter free, femtosecond pulses.
The pulse width obtained from the OPO was 300fs approx with a FWHM of 20nm
and lOOmW average power. It is important also that the cavity round trip time of the
OPO is synehronised to the Mira repetition rate of 76MHz. It should be noted that
the peak OPO output power is substantially larger (430W) than the average power.
This illustrates the importanee of ultrashort optieal pulses in non-linear measurement
techniques, as we ean induce larger non-linearities in the device and not cause any
thermal damage.

2.2.2 The Heterodyne Pump Probe Differential Transmission Spectroscopy
Measurement Technique
Heterodyning (‘hetero' means different, ‘dyning’ means power) is a word
and eoneept typieally eneountered when dealing with radio reeeivers. In this ease the
carrier wave of the radio signal is mixed away, using a loeal oseillator and a
nonlinear diode, leaving only the speech imprinted by amplitude modulation (AM)
or frequeney modulation (FM).
Fundamentally, heterodyning involves the measurement of the mixing or
'beating’ between two waves. In this case heterodyning will be achieved on optical
waves, namely the pump and probe beams. The heterodyne pump-probe technique
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was first demonstrated by Hall at MIT in the 1990's [17], and this was achieved by
inducing a small frequency shift between the pump and probe pulses so that they
could be distinguished. A similar experimental set-up was built in 1996 by the
Danish Telecom Research Facility (TDR) and used to investigate the coherent
effects in semiconductor optical amplifiers [18].
The advantages of using a heterodyne detection scheme are multiple when
utilised for the characterisation of active waveguide component. Not only is it
achievable to measure changes of the amplitude transmission of the component, but
it is equally possible to measure the phase of the optical field after propagation
through the component. It is possible to selectively detect one heterodyne frequency
component and disregard all the others. Hence, this makes it achievable to
distinguish optical fields with the same optical properties such as polarization,
wavelength, direction and position, by shifting the frequency of the optical fields by
a few MHz from each other. In contrast to photoluminescence measurements, the
signal measured in the heterodyne pump-probe technique, AG, is directly related to
changes in the occupation of the quantum dot levels. This can be seen when
considering the gain of the device which is given by the equation below.

AG = go{Ape+Aph- I)
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( , )

where AG is the change in the gain (or absorption), go is the differential gain and Ape
(Aph)
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(hole)
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Photoluminescence measurements, as they depend on radiative recombination, are
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sensitive to the occupation of the QD only through the product pe Ph. As mentioned,
the heterodyne detection method allows us to distinguish between co-polarised and
co-linear pump and probe beams. Hence, any polarization anisotropy present in the
quantum dot absorber, where transition probabilities are governed by polarization
selection rules, may be studied. It also provides gain and refractive index
measurements under true operating conditions which is essential for the assessment
of optical devices to be used in ultrafast signal processing. Finally, all time resolved
photoluminescence methods have insufficient time resolution for the dynamics
observed in QD structures. The heterodyne detection scheme is by far the most
beneficial when investigating the ultrafast dynamics of semdconductor quantumi dot
nano-structures.
The heterodyne detection scheme works by imposing a small (MHz)
frequency shift for each frequency in the frequency comb between two femtosecond
pulse beams. The quantum dot absorber waveguide was mounted on a copper heat
sink and the temperature was maintained using a peltier cooler. After exiting the
OPO, the pulses were spectrally broadened to make it possible for two colour non
degenerate measurements. It should be noted that broadening of the pulses in not
necessary for single colour measurements, however, to maintain experimental
conditions, the same setup was used for both two-colour and single-colour
measurements. This was achieved by sending the beam into a single-mode fibre, in
which supercontinuum generation could take place. Supercontinuum generation
describes the strong spectral broadening that occurs when light pulses pass through a
non-linear optical device. The appropriate filters, corresponding to the energy states
desired to be pumped or probed could then be placed in the appropriate beam paths
(pump or probe) (described in later section).
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The pump and probe beams were eo-polarized to the TE mode of the
absorber waveguide, using polarization beamsplitters, and were eoupled into the
waveguide using a high numerieal aperture (NA) spherieal lens. It is very important
to ensure that both the pump and probe beams are eoupled into the waveguide of the
deviee and not the surrounding barrier regions. To verify this there were a few steps
taken; firstly the amplified spontaneous emission (ASE, as deseribed in ehapter
three), from the strueture is eoupled through a very nan'ow pinhole, seeondly, the
pump and probe beams are allowed to propagate through the deviee via the narrow
pinhole. Henee, any seattered light or light not direetly eoupled to the waveguide is
bloeked. Finally, an infra-red eamera was utilised to verify that the pump and probe
beams were superimposed onto the ASE. To provide the variable delay required for
the pump-probe teehnique, the pump pulse was passed through a eomputer
controlled variable delay stage, which allowed accurate control of the pump beam
with respect to the probe beam. A third beam, labelled the reference beam, was
introduced, purely for detection purposes, which bypassed the QD absorber and thus
did not affect the dynamic recovery of the device. The reference and probe beams
were shifted in frequency using glass (Ge33Asi2Se55 ) Acousto-Optic modulators
(AOM), by 79MHz and 80MHz respectively. The reference beam became the first
order diffracted beam of the 79MHz AOM and the probe beam became the first
order diffracted beam of the 80MHz AOM. A schematic of the experimental setup
displaying the primary components is shown in figure 2.1.
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Figure 2.1 Schematic of experimental heterodyne-pump probe spectroscopy
set-up

Data Acquisition
After passing through the QD absorber waveguide, the pump and probe
beams were reeombined with the referenee beam, using a beamsplitter, and the
referenee and probe beams were overlapped temporally using an unbalaneed
Michelson interferometer. The amplitude of the differenee ffequeney (IMHz) was
detected using a wideband InGaAs amplified detector connected to a high frequency
lock-in amplifier (HFL) manufactured by Stanford Research Systems. A lock-in
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amplifier operates under the principle of phase sensitive detection. In this
experimental setup, only dual - phase lock-in amplifiers were utilised as they
eliminate the internally generated phase dependency, and provide clear measurement
of the signal amplitude and phase. A change in amplitude of the reference-probe
mixing or beating, caused by pump induced changes in the probe transmission, is
given by a change in the ‘R’ component of the high frequency lock-in (R = Vsig).
Similarly a pump induced change in the refractive index, will alter the phase of the
probe beam with respect to the reference beam by the following equation;

0 = tan'' (y/x)

(2.3)

where 0 is the pump induced phase change, and y and x are two quantities which
represent the signal as a vector relative to the lock-in reference oscillator. Lock-in
Amplifiers require a reference signal for the specific frequency that they are
‘locking’ onto or tracking and in this case it is IMHz. The reference signal for the
HFL was taking directly from the two AOM’s (the difference between their two
frequencies is IMHz). It is highly important to perform noise free and background
free measurements, and to do this the pump beam was mechanically chopped at
130Hz and the signal was connected with an additional ‘low’ frequency lock-in
amplifier, SR850 DSP manufactured by Stanford Systems, (LFL). The analogue
outputs of the HFL was thus connected to the LFL, thereby eliminating all changes
in the signal which did not oscillate at 130Hz. Actually, throughout the course of the
experiments, a second LFL was added to the experimental setup to provide
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simultaneous measurements of both absorption (gain) and phase dynamics.
Originally a radio receiver was used to detect the IMHz beating signal and an FM
modulator was used to detect the phase and an AM modulator was utilised to deteet
the amplitude. It should also be noted that the whole system is maintained at constant
ambient temperature whieh helps to ensure accuracy when earrying out long delay
scans. A LabView interface controls the delay stage and is also eonneeted to the
HFL's for data acquisition.
The data was, and is usually, aequired as a change in gain (absorption) or
phase as a function of pump-probe delay for different eurrents or reverse bias
voltages. The change of the gain in dB of the quantum dot absorber structure was
calculated using the fonnula below;

AG [dB] = lOlog (AT/To) = lOlog (Al/I,y = lOlog ((I,,- I|)/lo)‘

(2.4)

where Iq is the intensity of the HFL signal when the pump beam was blocked from
entering the device and \\ was the intensity of the HFL when the pump beam was
unbloeked. The square dependence of the transmission with respect to the intensity,
(AT a AI ) originates from the intensity of the beating frequency between the
reference and probe measured on the HFL versus probe intensity. This has been
experimentally verified and is shown in figure 2.2. The slope of 0.5 indieates that AT
a All
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Figure 2.2: Log-log plot of 1 MHz heating intensity hetw’een reference and
probe versus probe intensity.

The probe phase change (AO) is related to the refractive index change (An)
through the relation,

AO = (27rAnL)/?i

Where L is the length of the device and X, is the wavelength.
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(2.5)

A more detailed diagram of the experimental set-up utilised in this investigation is
shown below in figure 2.3. The quantum dot absorber position is coloured in pink.
“BS” represents a beam splitter and “HWP" represents a half-wave plate.
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Figure 2.3 Experimental pump-probe spectroscopy set-up
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Gain, Absorption and Transparency Regime
There are typically three regimes under which a structure can be investigated
and is dependent on the device itself and its transparency current. The transparency
current of a device is the current value for which the net modal gain equals the linear
absorption in the waveguide (shown in figure 2.4). The transparency current for the
QD absorber under investigation is provided in Chapter Three. In the transparency or
intermediate regime, the device is biased at the transparency current value. The
graph in figure 2.4 displays the typical graphical output in the gain and absorption
regime.

Figure 2.4 Graph illustrating the two primafy regimes ofpump-probe operation and
the transparency current
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As can be seen from the graph, the gain regime is when the structure is biased
above the transparency current. In the gain regime, the pump pulse will remove
electron-hole pairs, via stimulated emission from the structure (in this case quantum
dot’s) carrier populations. This will have the effect of instantaneously decreasing the
gain of the device (as shown by the steep slope in figure 2.4). Consequently, after a
specific time period, the carriers have to recover to their unperturbed initial state.
This time period, the recovery time, can be attributed to a number of different
recovery processes.
The absorption regime takes place when the device is biased below
transparency cunent or is placed under applied reverse biased. In this experimental
investigation, the quantum dot absorber is investigated in the absorption regime as
reverse bias is applied to the device. In the absorption regime, electron and hole pairs
are created in the quantum dot's population due to the pump pulse. This causes an
instantaneous step increase in the probe transmission which is known as ‘absorption
bleaching’. This is evident in figure 2.4. After this, the carriers decay from the dot
due to a variety of decay processes, which will be discussed in chapter three.

Single-Colour and Two-Colour Measurements
In general there are two schemes in which pump-probe spectroscopic
measurements can be performed, depending on the specific energy levels that are
required to be investigated. Single-colour measurements, are executed when one
energy level is pumped and the exact same energy level is probed. Another name for
this method is degenerate pump-probe spectroscopy as two or more physical states
are said to be degenerate if they are all within the same energy level. In this
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experimental study of a quantum dot absorber, both the ground state and the first
excited state were investigated using single-colour pump-probe spectroscopy.
Schematics of these two methods are shown in figure 2,5 below, where SCGS
(single - colour ground state) is where you pump and probe the ground state and
SCES (single-colour excited state) is where you pump and probe the excited state.

Probe

Probe

Figure 2.5 Single-colour pump probe spectroscopy ofGS and ES.

This is achieved by placing the appropriate filters in the appropriate beam paths,
after the supercontinuum generation has taken place. For SCGS measurements,

a

band pass filter with central wavelength 1320nm was utilised and for SCES
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measurements, a filter with central wavelength 1250nm was used. It must be noted
that the GS or ES filter was placed in the optical beam path of both the pump and
probe beams.
Two-colour pump-probe, or non-degenerate, spectroscopy is a fonnidable
technique for probing multiple transitions in the structure and involves pumping or
‘perturbing’ at one energy level and probing at a different one. The experimental
setup for two-colour pump-probe spectroscopy is almost identical to that of the
single-colour measurements, apart from the position and type of the filters.
For two-colour excited state (TCES) measurements, the GS filter is placed in
the pump beam path and the ES filter is placed in the probe beam path. Hence, the
GS of the structure is perturbed and the ES is probed. The opposite was arranged for
the TCGS, and the ES of the structure was pumped and the GS was probed. It should
be noted that in comparison to single-colour measurements, both filters are placed in
the optical paths of either the pump or probe beams. It is also important to note that
when the filters were interchanged, this changed the optical path length traversed by
the probe beam and the Michelson Interferometer had to be adjusted accordingly.
The schematic below, figure 2.6, demonstrates two-colour pump probe spectroscopy.
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Probe

Probe

Figure 2.6 Two-Colour pump-prohe spectroscopy ofGS and ES

2.3 Coherent and Incoherent Artifacts
Coherent and incoherent artifacts are non-linear interactions that occur close
to the zero pump-probe delay point. As the pump probe measurements take place,
interactions exist between the pump and probe pulses which affect the gain or
absorption, depending on which regime, measurement when the pump and probe are
overlapped close to and at the zero delay point. This means that they affect the
observation of the recovery when the delay time is of the order of the pulse widths of
the pump and the probe. These specific interactions overlap the initial transient at the
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zero delay point and make it diffieult to quantitatively estimate the ultrafast
component in the recovery of the gain (absorption).

2.3.1 Coherent Artifact
Coherence means that a fixed relationship exists between electric fields at
different locations or at different times. The interference of the pump and probe
beams causes the spatial modulation of the refiactive index in the medium which
results in the coherent artifacts. In a recent experim.ent in DTU, the coherent artifact
affecting the pump-probe technique on a semiconductor optical amplifier was
measured separately from the change in transmission of the probe [19].In this
experiment, a ‘mirror' component of the coherent artifact with respect to the zero
order transmitted pump was measured and investigated. It was found that this
‘mirror' component possessed a different frequency in comparison to the probe and
reference beating signal in the pump-probe output time traces. It was believed that
this ‘mirror' frequency was a feature related to the phenomena of four wave mixing
(FWM). Four wave mixing is a non-linear effect arising from a third-order optical
non-linearity, and can be described by a

coefficient. It can occur if at least two

different frequency components propagate together in a non-linear medium. Figure
2.7 shows an illustration of the FWM effect. A signal with frequency coi mixes with a
frequency (O2 resulting in a refractive index modulation at the difference frequencies,
thereby creating two new signals at frequencies, C03 = coi - ( CO2 - (0i ) = 2(0i - CO2 and
CO4 = 002 + (W2 - oil ) = 2co2 - CO] . Hence, the refractive index and gain are modulated
at the difference frequency between the two beams (pump and probe). FWM is a
phase sensitive process; hence if the two frequencies involved are close to each
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other, the effect is amplified. In single-colour pump probe spectroscopy, where the
pump and probe wavelength are equal, the FWM component can be more evident.

2co^-to^

CO,

C0-,

2cO:,-co^

Figure 2.7 The phenomenon of the four wave mixing effect

2.3.2 Incoherent Artifact
Two photon absorption, which is an incoherent process, was first observed
experimentally in 1961 [20].Two-photon absorption (TPA) is a process whereby two
photons are absorbed simultaneously to excite a carrier with the energy increase
equal to the sum of the two photon energies. TPA is a non-linear effect and only
occurs at high optical intensities and this process makes it possible to populate high
energy levels which would otherwise be unattainable. The origin of TPA is due to
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the fact that the power absorbed in the process is proportional to the intensity of
squared of the incident field. Hence, high optical intensities are necessary to produce
TPA.
In [19], both FWM and TPA have been shown to hugely affect the recovery
time. Here it was demonstrated that the longer the device, the coherent artifact did
not follow the probe autocorrelation function. Since these artifacts cannot be
removed from the experiment and are present only close to zero delay times between
pump and probe, the analysis of all gain (absorption) data is normally performed
after the Ips delay point. This rule was adhered to for these investigations.
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Chapter Three
Experimental Heterodyne Pump Probe Transmission
Spectroscopy
3.1 Introduction
Heterodyne time-resolved pump probe spectroscopy, as described in chapter
two, is a technique used for the investigation of fundamental timescales and
underlying dynamical processes of semiconductor materials and devices. Notably,
the demonstration of the dynamical role of different carrier types in QW and QD
devices. Specifically, with respect to the InAs/GaAs

QD structure under

investigation, to explain the nature of carrier processes that take place under reverse
bias voltages and to demonstrate the electro-absorption properties of absorber
materials. The analysis of the dynamics of absorbers is necessary to understand the
mechanisms of the non-linear absorption properties of such devices and the inherent
limits to their recovery time. This, hence, provides essential information for the
design optimization of saturable absorbers, SESAMS, mode-locked lasers etc. In
2006, the first Differential Transmission Spectroscopy (DTS), also known as pumpprobe spectroscopy, measurements of QD absorption recovery in a waveguide
structure were achieved by Malins et al [21]. Prior to this. Deep Level Transient
Spectroscopy, photocurrent and photoluminescence experimental procedures were
utilised to understand the dynamical processes in QD absorbers. In this thesis,
experimental investigation in using both degenerate (Single-Colour) and non
degenerate (Two-Colour) pump-probe spectroscopic techniques were performed on
the InAs/GaAs QD absorber.
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3.2 Device Structure
The QD waveguide absorber used in speetroseopy measurements was
fabrieated from a material whieh eonsisted of six stacks of InAs/GaAs self
assembled QD’S of 208nm width. They were Stranski-Krastanov grown QDs in a
“dot in a well’' (DWELL) structure, produced by Zia Inc (Ligure 3.1). The DWELL
design improves earner capture into the dots and also enhances the density of QD’s
over growth on GaAs directly [22]. Spectral Tuning can also be achieved by
changing the well parameters and devices such as QD infrared photodetectors based
on DWELL intraband transitions are starting to emerge at high performance levels
[23].
The device length was 1mm long and had 4pm width ridges together with
tilted, antireflection coated facets. Investigations under microscope revealed
scratches and unknown residua on the surfaces of the device. However, the unknown
white substance that was observed on the device mount, proved not to interfere with
the coupling of the light into the device.
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Figure 3.1 Structure of luAs/GaAs QD 'DWELL ' saturable absorber
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3.3 Device Characterization
3.3.1 Amplified Spontaneous Emission
Amplified Spontaneous Emission (ASE), which occurs when light produced
from spontaneously emitted optical transitions is amplified, possesses a specific
bandwidth. This linewidth can be broadened due to many factors both
homogeneously and inhomogeneously. In QD’s due to the Stranski Krastanov
growth, there exist dot size fluctuations which cause inhomogeneous broadening of
the ASE.
The ASE of the QD device investigated was measured for currents from 0mA
up to 60mA. A high numerical aperture lens was used to collect the ASE light from
device for input into a single mode fibre and the resulting spectra were obtained
using an Optical Spectrum Analyser (OSA). From previous measurements on a 3mm
long device of identical composition (InAs/GaAs DWELL), the maximum current
density was attained. The figure below (figure 3.2) illustrates a plot of the
transmission of this 3mm device versus the input pulse energy from the pump and
probe pulses. This was investigated for decreasing current values. Also indicated are
the pump and probe energies utilised in the one and two colour pump probe
spectroscopy measurements. Figure 3.3 demonstrates the ASE curves from 5mA to
60mA for the 1mm long device.
The recombination of GS electrons and holes leads to GS spontaneous
emission and recombination of ES EHP’s leads to ES spontaneous emission but at a
lower wavelength emission, and higher bias levels are required. Emission from the
excited state in QD'S was first predicted by Asryan et al [24].
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Figure 3.2 Plot of transmission of 3mm InAs/GaAs QD device versus input pulse
energy for varying currents

The importance of ES transitions is evident for QD laser applications.
Specifically, lasing via GS transitions occurs only for relatively long laser cavity
lengths. Hence, for short cavities, ES transition lasing occurs. The emission from the
ground state (GS) of the QD is marked by a red straight line and emission from the
excited state is marked by a blue straight line. Their positions are 1320nm and
1250nm respectively. Excited state emission is becoming distinguishable from
approximately 30mA. The transparency current was estimated during measurements
to be 10mA approximately.
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Figure 3.3 Amplified Spontaneous Emission of 1mm long InAs/GaAs QD Absorber

3.3.2 Absorption Spectra
In chapter one, the prineiple of the operation of a saturable absorber and the
phenomenon Quantum Confined Stark Effeet (QCSE) were diseussed. The
absorption behaviour of an active material is the most essential eharacteristic of an
electro-absorption modulator (EAM). Due to their unique energy band strueture,
semiconductors feature a transparent and an absorbing regime for photon energies
smaller and larger than the bandgap energy, respeetively. Direct bandgap
semiconductors posses a steep slope in the transition between these two regions, and
63

a field dependent shift, whieh makes them more favourable in the fabrieation of
EAM's [1]. When a reverse biased voltage is applied to a QW or QD semieonduetor
structure, there is a ‘redshift' (shift to longer wavelengths) observed in the spectra.
To examine and quantify this shift, absorption spectra, are obtained by
applying the reverse bias over a wide range of wavelengths. The QD device under
investigation was first measured using an output signal from the Optical Parametric
Oscillator (OPO) in the range of 1160 to 1360nm. This signal was directly applied to
the device using a high numerical aperture lens. However, due to the high bandwidth
of the signal, results on the level of 20nm were not satisfactory. Hence, the next
approach was to use a tunable supercontinuum laser source with continuous emission
output. A Fianium Femtopower 1060 was utilised which emitted pulses of width 6ps.
The wavelength range used was 1260nm to 1360nm.
Figure 3.4 shows the Fourier filtered absorption spectra taken for the
structure at room temperature. The reverse bias voltage was supplied by a Keithley
programmable voltage source. A power meter positioned at both the input and output
side of the device measured the power, P, and absorption was given by Pin/Pout- The
spectra obtained possessed some noise so the curves obtained were Fourier filtered.
The reverse bias voltage was increased from 20mV up to -9V and the resulting
spectra were obtained from a Fab View program interface.
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Figure 3.4 Absorption Spectra for 1mm long InAs/GaAs QD Absorber

A 40nm approx, shift and slight broadening in the absorption peak was
noticed which was attributed to the Quantum Confined Stark Effect (QCSE). This is
characteristic of the reduced binding energy of the electron-hole pairs separated by
the electric field. Unfortunately due to the limited range of the tunable laser, the ES
peak could not be observed. A QCSE shift of 40nm was also observed by Malins et
al and the spectra are comparable [21]. The QCSE was also observed for single
quantum dots in [25]. The first evidence of QCSE, using quantum wells was by
Miller et al in 1985 [26],
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3.4 Single-Colour Heterodyne Pump-Probe Transmission
Spectroscopy
As previously discussed, pump-probe spectroscopy is a method in which two
optical pulses (pump and probe) are used and the changes in optical properties
induced in the sample by the pump pulse are probed by measuring the variation of
the probe transmission. Single-colour (degenerate) pump-probe spectroscopy
employs pump and probe beams at the same wavelength, and in experiment reported,
either the GS or the ES of the QD can be investigated. Specifically, the GS (ES) of
the structure can be excited and the effects or changes induced in the GS (ES) by this
pump excitation pulse are studied by monitoring the probe pulse. (Figure below
shows schematic of this).

Pump

ES

Pump

GS

Probe

ES

Probe

GS

Figure 3.5 Single eolour ground state (left) and single colour excited state (right)
pump probe spectroscopy

The GS and ES peaks observed in the amplified spontaneous emission
spectra provide the values for the pump and probe wavelengths to be employed
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experimentally, hence, in the case of our device, 1320nm for the GS peak and
1250nm for the ES peak. Both Single-colour GS and ES pump-probe spectroscopy
measurements were perfonned. A band pass filter with a central wavelength of either
1320nm and width 25nm or 1250nm and width lOnm was used in the experimental
setup.
The pump-probe differential transmission was measured using the heterodyne
detection technique and the resulting signal is proportional to the differential
transmission AT of the probe pulse at the same wavelength as the pump. A Keithley
programmable voltage source was used to provide the reverse bias voltage from OV
to 9V. The resulting data, taken at room temperature, were normalised to the
maximum transmission at zero reverse bias T and therefore represented by AT/T.
Figure 3.6 below shows the nonnalised GS relaxations for reverse bias in the range
of OV to 9V as a function of pump probe delay in picoseconds.
The graph clearly shows the typical absorption recovery. The characteristic
‘absorption bleaching’ which produces the instantaneous step increase, caused by the
creation of electron-hole pairs induced by the pump pulse is evident. Comparable
experimental data was obtained by Malins et al [21] when investigating the
absorption dynamics of an InAs p-i-n ridge waveguide quantum dot modulator.
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Figure 3.6 SCGS Recovery dynamics; pump induced absorption change as a
function ofpump-probe delay for increasing reverse bias voltages

3.4.1 Model of Recovery Dynamics for QD Absorber
There are numerous methods to model the dynamical processes which take
place in quantum dots. In this case our model is based on the laser rate differential
equations. Rate equations describe the statistical evolution of energy level
populations within the QD and are based on a number of assumptions depending on
factors such as the initial conditions. They do not describe coherent phenomena such
as Rabi oscillations, as they average over many particles, which experience slightly
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different mieroseopie environments and different optieal intensities. It is further
assumed that all earners essentially funetion in the same way. Extended models have
been developed, but they are more complieated, and often involve a number of
parameters whieh are hard to aeeess experimentally.
The equations for the oeeupation probabilities pg, e of the GS and the first ES
of the dot govern the model of the QD earner dynamies whieh are applieable to the
absorber. These are shown in equations (3.1) and (3.2) below.

pg

c’tPg = -T 'pg +2F (pg, Pc)

(3.1)

APc =

(3.2)

pe - F (pg, Pe)

is the oeeupation probability for the GS of the QD's and

oeeupation probability for the first ES of the

pc is the

QD’s. The parameter T is the

reeombination time in the dots and Iw ' is the earner eseape rate from the ES to the
wetting layer. The funetion F is assoeiated with the carrier exchange rate between the
GS and first ES state in the dot.
A schematic of the energy levels in the QD’s is demonstrated in figure 3.7.
The GS valence band and conduction band are illustrated by Phg and Hgg
respectively. Similarly the first ES bands are represented by Ilhei and neei. The
bandgap energy values for GS and first ES were 0.945eV and leV approximately.
As can be seen from the diagram, it is assumed that reverse bias conditions do not
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allow recapturing from the wetting layer and, hence, we model the relaxation from
the excited state to the wetting layer by the linear term

'pg

approximation

may be limited for the unbiased case, where recapturing from the wetting layer may
also play a minor role. It is important now to mention the concept of “effective
nuclear charge”. This is the net positive charge experienced by an electron in an
atom (multi-electron atom). The reason that it is not absolute charge but effective
charge is because of the phenomenon of the “screening effect”.

^ei

rieg
0.945eV

capture

.OeV

F(Pg’Pe)
escape

#

^hci

Figure 3.7 Schematic of the energy levels and energy exchange processes in the QD
saturable absorber

This effect is caused by the electrons closest to the nucleus of the atom
preventing higher orbital electrons from experiencing the “full” nuclear charge. This
can play a role in the carrier dynamical processes in the QD. In this model, we do not
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include the screening effects as they are expected to be small for this material
system. Some analysis of the screening effects was perfonned in this study; however,
the results obtained were not conclusive. Similar, assumptions were made in [21] in
the analysis of the eleetro-absorption dynamies in an InAs QD saturable absorber.
The initial conditions, specifically the initial earner density, govern the type of
relaxation that takes place within the dot (intra-dot) and in turn dominates the
function F (pg, pe). In general, the energy exchange consists of only two types of
interaction which were deseribed in chapter one. These are phonon-assisted
recombination or Auger-type reeombination. Phonon-assisted capture depends solely
on the energy level spaeing, speeifically between the GS and the first ES, and always
eontributes to the relaxation processes in this structure. Auger processes begin to
oecur and become dominant when the carrier density in a particular state increases.
Therefore, due to the larger number of first ESs eompared with the GSs, the
absorption is greater for the ES than for the GS at a partieular reverse bias voltage.
For this reason alone. Auger processes should primarily be considered when
pumping the ES in spectroscopie measurements.

3.4.2 Single-Colour Ground-State Analysis
Figure 3.8 below is a replica of previous figure 3.6 but this graph includes an
inset of a zoom of the reeovery dynamies. It is clear that the recovery time traees ean
be elassified into two groups depending on the reverse bias voltage applied to the
strueture. The first group occurs from OV to 4V and the second group is for the
higher voltages (5V to 9V). A further categorization ean now be made. The
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dynamics of the low voltage (OV to 4V) group has two distinct stages of recovery;
the fast stage (~ lOps) and the slow (> lOps). The high voltage group (5V to 9V), has
only one fast stage of recovery and the slow stage cannot be distinguished. At high
voltage, fast tunnelling processes from the QD to adjacent layers become the
dominant recovery mechanism and account for the linear traees. Tunnelling effeets
in QD electro-absorption recovery were assessed by Malins et al in [21]. The
existence of two ranges in the OV to 4V group can be related to different
recombination processes eontributing to the recovery.

ff-

ps
Figure 3.8 SCGS recovery dynamics including an inset zoom
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During single-colour ground state pump-probe spectroscopy measurements,
when the GS is pumped, the GS carrier population increases and this induces
saturation of the GS. The ES is assumed to be initially empty and never becomes
strongly populated because of the very fast escape to the wetting layer. As a result,
we can neglect Auger type transitions and fonnulate the carrier exchange rate as in
the equation (3.3) below.

^ (Pg’ Pe)

leap

and Tesc

^cap Pe(l"Pg ) " ^esc Pg(l“Pe )

(3.3)

are the carrier capture and carrier escape rates respectively. The

postulation is made that pg(0) — po £ 1 and depends on the reverse bias voltage. It
is also assumed that there are initially no free carriers in the ES: Pe(0) == 0. The
term 1-Pg,e is the Pauli blocking term. Pauli blocking originates from a quantum
mechanical principle known as the Pauli Exclusion Principle. This principle states
that no two identical femiions may occupy the same quantum state simultaneously.
This means that if two electrons are to occupy the same state, they must have a
characteristic value of spin or intrinsic angular momentum, i.e. they cannot possess
the same four quantum numbers. This fundamental law must be factored into the
model as the carrier dynamical interaction is limited by it. This is achieved by
multiplying each term by the appropriate factor.
investigated in [27]. The term

This phenomenon has been

leap 'pe(l-pg ) describes the recapturing by the GS

and is linearly proportional to the population of the ES (the assumption is made that
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there is no recapturing from the wetting layer). It corresponds to phonon-assisted
interaction. The appropriate Pauli blocking term takes into account the occupation
probability of the GS (pg ) .

The parameters leap, Tesc and

determine the time dependent recovery of

the QD absorber. In the low voltage (OV to 4V), two-stage recovery range, it was
found that variations of the capture time and escape time between the GS and first
ES (leap and Tesc ) with voltage are negligible. Hence, the dynamics of the GS
transmission can be reproduced by incorporating all of the voltage dependency into
the carrier escape to the wetting layer Tw • The dynamics of wetting layer and QD
interaction in InGaAs self-Assembled Systems is discussed in [28].
The comparison of the experimental data with the model is achieved by
assuming that the AT(t)/To is proportional to the GS (or ES in ES analysis)
population of the dot. Thus, it is also supposed that the pump pulse completely
populates the GS (ES) for an applied reverse bias of zero volts. This rescales the
experimental data to 0 < pgc (t) <1 and consequently produces a significant
difference in pg g (0) for different voltages.
The fits of the experimental results to the theoretical model for the GS
dynamics are shown in the figure 3.9. The data is plotted as a function of the pumpprobe delay in picoseconds. The experimental data for different reverse bias voltages
is illustrated by the black curve and the blue curves, which are strongly
superimposed on the black curves, represent the fittings. The red dashed curves,
show for comparison purposes, demonstrate the fitting with the ES model, using a
different equation, which will be discussed in the next section. For fixed values of
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the parameters leap ^ 2ps and Tesc

1 Ops, the fits display excellent agreement with

the experimental data.
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Figure 3.9 Experimental GS relaxation for different reverse bias voltages (0-3 V)
(black) and fittings (blue) for eqs. (3.1) - (3.3). The red dashed lines correspond to
Auger-like relaxations using corresponding equation.

The graph labelled “(a)’* shows the experimental recovery dynamics for OV reverse
bias voltage (black) with the corresponding model fit (blue) for a wetting layer
escape rate of

= 18ps. Graphs (b), (c), and (d) show similar traces for voltages of
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IV to 3V and

values of 12ps, 8ps and 3ps respectively. It is evident that these

corresponding values of Tw decrease with increasing reverse bias and this is
displayed in figure 3.10. The relationship between
can be described by the equation:

and the reverse bias voltage

= T^o exp(-V/Vo) where TwO ~ 18ps and Vo ~ -

2 V.

0

j>

4-

voltacc
Figure 3.10 T^^as a function of the reverse bias voltage

In the analysis of timing jitter in external-cavity mode locked semiconductor
lasers, similar results, with Two = 20ps, were reported for the recovery of quantum
well based structures and incorporated successfully into a model [29]. The
exponential dependence on the applied reverse bias voltage is due to thermally
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activated rate processes or thermionic emission. These processes were first
introduced in 1979 in [30]. Here, theoretical and experimental evidences are given
that the electric field in a semiconductor junction has a large influence on the thermal
emission rate from the energy levels. Quantitatively, this electric field influence can
be explained using a model of phonon-assisted tunnelling emission. This is the
thermal counterpart of the optical Franz-Keldysh Effect. In [21] a similar exponential
dependence of the thermionic emission time with reverse bias voltage (V = -3.8 V)
was presented. Here, the emission is related to the expected lowering of the barrier
height and consequently the Quantum Confined Stark Effect. A combined recovery
rate of both tunnelling processes and thennionic emission is demonstrated. (Figure
3.11)

Figure 3.11 Demonstration of recovery process rates as function of applied reverse
bias voltage [21]
11

Further examination of an identical QD saturable absorber [31] revealed a
temperature dependence of the recovery dynamics. As the temperature was increased
from room temperature to 319K, the recovery times were seen to decrease
significantly.
The higher voltage range dynamics are significantly faster than the lower
voltage range. This is attributed to the fast escape to the wetting layer, Tw < 3ps,
which results in Pe (t) ~ 0. Hence, we can make a linear approximation for the GS
relaxation at high reverse bias voltages;

Ct pg

___

T

“1

pg

~

- .ZXesc

1

(3.4)

Pg

The escape rate 2Tesc ' is very much greater than T ' (2Tesc-I' ^^
on the reverse bias. It is indistinguishable from T '

-1

depends

in the frame of this approach.

Tunnelling is evidently dominant at high reverse bias voltage in [21]. Photonassisted tunnelling in quantum dots was demonstrated in 1994 in [32].
The experimental data was preliminarily assessed for the fundamental
recovery timescales. This was done prior to the model analysis and involves fitting
the data using software. The best fits, achieved after the Ips delay point, were for bi
exponential functions; with the first time, Ti, representing the ultrafast dynamics just
after the Ips delay point and T2 representing the longest time. The figure below
(figure 3.12) displays the evolution of the longest time of the dynamics as a function
of the reverse bias voltage (linear fit shown in red). It is apparent that as the voltage
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increases there is a linear decrease in the reeovery time. The reeovery times are
relatively fast in eomparison to the values obtained in [33] whieh were greater than
lOOps. These times are also eonsiderably shorter than those observed for quantum
wells and quantum dashes [34]. It should be noted that there has not been extensive
study aehieved on the reeovery dynamies of QD saturable absorbers, henee, mueh
eomparison on reeovery time fits is made with QW deviees or other struetures.

RBverse Bias (V)

Figure 3.12 Evolution of the longest GS recovery time as a function of reverse bias
voltage
Relative Modulation Strength of Absorber
Further analysis of the single-colour GS recovery for low reverse bias voltages was
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achieved by comparing the bi-exponential fitting times to the models parameter
times. The bi-exponential fitting times were found to be 2.5ps approx for the fast
stage (Tfast = 2.5ps) and in the range of 30-70ps for the slow stage (Xsiow = 30-70ps).
The models timescales were leap = 2ps, lesc = lOps and Tw = 3-18ps. It is clear to see
that the question arises what defines the fast stage and what defines the slow stage.
Figure 3.13 below displays the experimental GS carrier relaxations (black curves) for
OV to 2V, fitting with the model equation (blue curves) and fitting the following
equation 3.5 (red curves).

Figure 3.13 Experimental GS carrier relaxations (black), fitting with the model eqs.
(3.1-3.3)(hlue) and fitting with eq. 3.5

Pg (t) - Po - 2p+ ((1 - exp (-t/ifast))/( l+(p+/p-)exp(-t/Tfast))
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(3.5)

In equation (3.5) p+ , p. and a arise from the mathematical derivations.
Using the same model assumptions and manipulation of the formulae,
equation (3.5) was found to represent the GS occupation probability in terms of the
fast stage recovery time Tfast. Assuming that the initial occupation probability (po) is
close to 1, the fast time (Tfast) was found to be approximately equal to equation (3.6)

^fast

^(( ^esc ^cap)/^))

(3.6)

Hence, it is observed that the fast initial time does not depend on the escape rate to
the wetting layer, but on the capture and escape rates between the ground state and
the excited state of the quantum dots. It can thus be assumed that the fast stage does
not depend on reverse bias applied voltage. This equation, using the model values for
the other parameters, above provides us with a figure of 1.58ps for the fast stage
time. There is evidently a difference between this value and the bi-exponential fit
value (2.5ps) However, as is illustrated in the graphs (figure above), there appears to
be a critical time where the fast recovery stops and the slow evolution begins. This is
defined as the critical time tc. It must be noted, however, that the fast recovery is a
highly non-linear function and cannot be reduced to a single-exponential.
The slow stage was found to be characterized by equation (3.7).

^slow =

( ^esc/2^cap))

81

(3.7)

As this equation includes the wetting layer escape rate, Tw, it is evident that the
slow stage of the recovery depends on the reverse bias voltage. In addition the values
obtained for Tgiow from the equation above were found to be comparable to the bi
exponential fitting values (30-70ps). This is shown in figure 3.14 where the
experimental data is plotted (black curves) with the fitting for the slow stage
equation (red curves).

50

100

ps
Figure 3.14 Experimental GS carrier relaxations (black) and fitting using slow stage
eq.3.7 (red).
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The relative modulation strength of the absorber can be investigated by
calculating the ratio of the fast and slow stages of the recovery, ARsiow /ARfast • A
relative modulation strength of very small value (ARsiow /ARfast. « 0) is desirable for
optimization of a fast saturable absorber. Figure 3.15 below illustrates the critical
time (tc), ARsiow and ARfast. The relative modulation strength was approximated
(assuming initial occupation probability of one) to be represented by equation 3.8.

ARsiow /ARfast '

1 /( \ ( 2Tcap /"^esc )” 1 )

(3.8)

Hence, it can be assumed that the relative contribution of the slow stage could be
reduced by increasing the relative rate leap /Tcsc. This could be achieved by either
controlling the growth parameters and/or the operating temperature. This effect may
become important in applications that preclude operation in the tunnelling dominated
regime that occurs at high reverse bias.
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Figure 3.15 Experimental GS relaxation (black) and fitting (red) (eqs. (3.1)- (3.3))
and illustration of tc,

ARsiow

and

ARfast,

The analysis presented so far has been based on the energy exehange based
on the phonon-assisted interaetions between the GS and the ES. This situation
explains the carrier relaxation only when the GS is pumped, that is for SCGS
measurements, and thus, when the initial population is in the GS. However, this does
not fit the experimental traces that result from pumping the ES. This investigation of
ES pumping is demonstrated in the next section.
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3.4.3 Single-Colour Excited State Analysis
The graph below (3.16) illustrates the single-colour excited state recovery
dynamics for the QD absorber. Both GS and ES time traces exhibit a decrease of
relaxation time with increasing reverse bias voltage. However, it is apparent that the
relaxation of the ES occurs over a faster timescale compared to that of the GS. It can
be demonstrated that this distinction in relaxation times combined with the shape of
the absorption recovery originates from a variation in the dominant intradot
relaxation processes.

Figure 3.16 SCES Recoveiy dynamics; pump induced absorption change as a
function ofpump-probe delay for increasing reverse bias voltages
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Single-Colour Ground State pump probe speetroscopy of the InAs QD absorber
revealed that phonon-assisted proeesses govern the recovery. However, these
processes, as discussed in Chapter One can occur in the absence of any other
quasiparticles (such as carriers, phonons etc) and even under weak excitation. Hence,
in the presence of such particles, other relaxation mechanisms are possible and in
this analysis Auger-processes were found to play a significant role.
The effect of Auger-type recombination mechanisms is factored into the
model as shown below in equation 3.9

^ (Pg’ Pe)

'l^Auger

5

respectively. 1 -pg c

^Auger

Pe ( 1 "Pg ) "

^esc

Pg( ^ "Pc )

(3.9)

^^e the Auger relaxation and phonon mediated escape rates
is once again the Pauli blocking factor for the relevant energy

level (GS or ES) . As in the previous model we establish initial conditions but in this
case it is assumed that the GS has no free carriers and is essentially empty:
(Pg (0) = 0). It is also supposed that Pe (0) = po < 1 and depends on the reverse bias
voltage. Auger relaxation can be described, in simple terms, as a scattering process
between two electrons in the ES and a vacancy in the GS. Thus in equation (3.5) the
Auger tenu is expressed as

lAuger

Pe (l"Pg ) • The square in the terms arises from

the non-linearity due to the population of the ES and essentially represents the Auger
processes. The second tenu describes the subsequent phonon-assisted carrier escape
processes from the GS to the ES. It is worth mentioning that an Auger process
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whereby two electrons initially in the GS scatter, one up to the ES and the other
down to a lower energy is scientifically impossible.
In [35] it is reported that both phonon-assisted capture and Auger
processes play a role in the InAs/GaAs QD’s. This can be ascertained for this
investigation also. In essence, it must be emphasized that phonon-assisted processes
do not disappear completely from the ES to GS energy transfer, in the case of ES
pumping. In fact these processes may provide some corrections. Figure 3.17 shows
the fits of the experimental data to the ES model. The dominant role of Auger
recombination in the carrier dynamics is evident. The graph labelled “(a)” shows the
experimental recovery dynamics for OV reverse bias voltage (black) with the
corresponding model fit (red) for a wetting layer escape rate of Tw ^ 18ps. Graphs
(b), (c), and (d) show similar traces for voltages of IV to 3V and Tw values of 12ps,
8ps and 5ps respectively. The most suitable fits are for an Auger relaxation rate of
1.5ps (lAuger ' =1.5ps) and for the same functional dependence of the escape to the
wetting layer, on the reverse bias voltage;

Tw ^ TwO

exp (-V/Vo ). To display

accurately the model and for completeness the Phonon-Mediated recovery model
was also applied to the ES pump probe experimental data (blue curves). It can be
seen that it does not reproduce the experimental behaviour. Auger recombination in
colloidal CdSe QD's was demonstrated in [36] and shown to take place when the
average electron-hole pair per QD is in excess of the unity. Evidence that Auger
processes require asymmetry of the potential is displayed in [37]. Asymmetry of the
potential is more probable with applied voltage and this could explain why the
fittings in our investigation do not require Auger processes to be taken into account
at zero voltage.
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Cl

Figure 3.17 Experimental ES relaxation for different reverse bias voltages (black)
and ES model fittings (red dashed). The blue lines correspond to GS model fittings.

Using the identical method that was utilised for the single-colour
ground state case, the experimental data was preliminarily assessed for the
fundamental recovery timescales. The best fits, achieved after the Ips delay point,
were for single-exponential functions; with T representing the recovery times. Figure
3.18 displays the evolution of this time of the dynamics as a function of the reverse
bias voltage, with the linear fit line shown in red. The times are comparable to the
sees analysis and also it is apparent that as the voltage increases there is a linear
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decrease in the recovery time. The recovery times can once again be compared to
[33].

Figure 3.J8 ES relaxation recovery time as a function of reverse bias voltage

3.4.4 Phase Dynamics

The heterodyne pump probe spectroscopy experimental setup possesses the
capability to measure phase recovery dynamics in addition to the absorption
recovery dynamics. The data is obtained simultaneously utilising the dual lock-in
amplifier setup (Chapter Two).
An important feature related to the phase dynamics can be derived from the
linewidth enhancement factor or a-Factor. The linewidth enhancement factor was
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introduced to quantify the amplitude-phase coupling in semiconductors, which is
caused by a dependence of the refraetive index on the earner density. In essenee, it is
a proportionality faetor relating ehanges in the phase to ehanges in the gain
amplitude and represented by the following equation;

a = -47r/?.(dn/dN)(dg/dN) -1

(3.10)

Where n is the refractive index of the material, g is the gain per unit length, X
is the wavelength of the light in a vaeuum and N is the earrier density.
The phase recovery dynamics for the InAs QD waveguide absorber were
obtained simultaneously with the gain dynamies in the reverse bias regime. Data was
aequired for both pumping of the GS (single-colour ground state) and the ES (singleeolour excited state) conditions.
Figure 3.19 illustrates the recovery phase dynamies, as a function of the
pump-probe delay measured in ps, for the SCGS situation. The graph shows the
typieal phase reeovery in the absorption regime, with the initial deerease in the phase
ehange followed by the subsequent relaxation proeesses baek to the initial
eonditions. It is apparent that the timeseales for the fast stage, or fast time eomponent
beginning at the Ips delay point, are comparable to those obtained in the absorption
transmission dynamics. Similar time traces were attained for InAs/InGaAsP selfassembled quantum dots in [38]
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Figure 3.19 SCGS Phase recovery dynamics for increasing reverse bias voltage

The phase dynamie time traees were fitted in the identieal way to the SCGS
absorption transmission dynamics using a bi-exponential function. The fitting for the
SCGS long-time component is shown in figure 3.20. The recovery times are longer
than for the absorption dynamics with the longest time being about 140ps for OV
reverse bias in comparison to 55ps for the absorption dynamics at the same voltage.
However, these values are still shorter than those obtained by Zilkie et al in [34].
They reported the long-lived phase recovery time in InAs-InGaAsP-InP quantum
dot structure to be 575ps.

A graph to illustrate the comparison between the

absorption and phase long time components is also shown (figure 3.21)
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Figure 3.20 SCGS phase recovery long time component as a function of reverse bias
voltage

Figure 3.21 SCGS absorption recovery and phase recovery long time component
comparison
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The phase recovery dynamics for the single-colour excited state were
acquired in the equivalent method and are displayed in the time trace, figure 3.22.
The analysis of the time components proved too tedious due to the overlapping of
the curves, however, it is clear that the dynamics are slightly faster than for the GS
pumping case. It should also be noted that the dynamics detected before the Ips
delay point were unusual. To investigate these observations, the measurements were
repeated but the effects before Ips were still observed and deemed inexplicable.

Figure 3.22 SCES phase relaxation recovery as a function ofpump-probe delay for
increasing reverse bias voltages
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3.5 Two-Colour Heterodyne Pump-Probe Transmission
Spectroscopy
Two-colour differential transmission spectroscopy is a powerful teehnique to
direetly probe the strength of individual transitions within a quantum dot or quantum
well strueture. By applying two-colour pump probe measurements to the InAs QD
absorber, it was possible to pump (or deplete) a partieular energy level or band and
probe the resulting absorption ehanges in a different energy level or region of the
speetrum. The sehematie below (figure 3.23) displays the two combinations of
measurements that were taken; pumping the ES and probing the GS or pumping the
GS and probing the ES. ‘Two-eolour ES measurements' (TCES) are achieved when
the GS is pumped and the ES is probed and Two-colour GS measurements' (TCGS)
involve pumping the ES and probing the GS.

ES

Pump

Probe

Pump

ES
GS

GS

Probe

Figure 3.23 Two-colour excited state (left) and h\’o-colour ground state (right) pump
probe spectroscopy.
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The experimental setup for two-eolour measurements, as described in chapter
two, simply involves altering the filters to the appropriate wavelength. Obviously
when the filters are interchanged, the optical path length traversed by the probe beam
changed and hence the Michelson Interferometer had to be adjusted accordingly.

3.5.1 Two-Colour Ground State Dynamics
The graph below (figure 3.24) displays the two-colour GS absorption
dynamics obtained for the reverse bias voltages of OV to lOV. 7 he “absorption
bleaching’' feature is evidently present and like the single-colour measurements there
is a decrease in the relaxation time with increase in applied reverse bias voltage.
However, there is a noticeable lack of the ultrafast instantaneous component present
in the single-colour measurements and the recovery times are longer.
In [39] the first heterodyne non-degenerate pump-probe measurements were
obtained. Two-Colour differential transmission measurements of InAs/GaAS QD’s
were achieved in [40]. It was reported here that even at low carrier densities (less
than one electron-hole pair per QD) there are very small relaxation times (5.2ps for
electrons and 0.6ps for holes). They relate these times to indicate a lack of any
“phonon bottleneck” (build up of phonon’s which dramatically reduces carrier
relaxation in QD’s).
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Figure 3.24 TCGS relaxation as a function ofpump probe delay for increasing
reverse bias voltage

These results are comparable with those obtained above, however only for
high reverse bias voltage. Also, it is only the combined electron and hole
recombination relaxation time taken into account.
The TCGS measurement results were fitted with single-exponential
functions and are shown in figure 3.25 together with the long-time component for
both the SCGS and SCES measurements. It is apparent that at high reverse bias
voltages, all of the three curves merge and the relaxation time is ultrafast; in the
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region of less than 20ps. Perhaps this ean be attributed to tunnelling proeesses within
the QD’s becoming dominant. At lower voltages the TCGS relaxation exhibit
noticeable longer times, the longest time of 160ps approximately at OV, in contrast to
the SC times. However, there is a faster diminishing of t as the reverse bias voltage
increases.

Figure 3.25 Comparison of recovery times for SCGS, SCES and TCGS
measurements as a function of reverse bias voltage
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3.5.2 Two-Colour Excited State Dynamics
The TCES recovery dynamics as a function of pump-probe delay are shown
in figure 3.26. Again, the dynamics were measured for reverse bias voltage values
from OV to lOV inclusively. In contrast to the TCGS dynamics, it is clear that the
instantaneous component observable in the single-colour cases is present. In
addition, the overall shape of the recoveries compared with the TCGS is different
and it is noticeable that the recovery times are faster in general. A two stage recovery
appears to be present however due to the shape of the curve, fitting proved difficult.
The faster recovery for the TCES case may be attributed to the fact that we are
observing the ES whose recovery is dominated by Auger processes.

Delay (ps)
Figure 3.26 TCES absorption recoveiy as a function ofpump probe delay for
increasing reverse bias voltage
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A significant feature of the TCES reeovery dynamies is that the reeovery
with the highest transmission value does not oeeur for the lowest applied reverse bias
voltage (OV) as in the TCGS and both single-eolour eases. The transmission appears
highest at -IV and there is additionally present some overlapping between the low
voltages. These features were visible even after further investigation with redueed
voltage inerements.
3.5.3 Phase Dynamics

Figure 3.27 TCGS phase recovery for increasing reverse bias voltage
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The phase reeovery dynamies for both two-eolour ground state and twoeolour exeited state were acquired in the identical manner that was utilized for the
single-colour measurements and for the same reverse bias voltages (OV to lOV).
Figure 3.27 displays the phase recovery dynamics for TCGS measurements. The
characteristic initial transmission decrease found in the absorption regime, followed
by subsequent relaxation back to the initial conditions is present [34]. This initial
decrease reduces with increasing reverse bias voltage, however, there is overlapping
present between the relaxation cur\'es for certain voltages, and no specific trend like
that which was obseiwed for the single-colour ground state case. There was no fitting
analysis performed due to the unusual shape of the dynamics.

Figure 3.28 TCES phase recovery dynamics for increasing reverse bias voltage
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The figure above (figure 3.28) shows the TCES phase dynamies illustrating
the typical initial decrease, in addition to the reduction in this “step” decrease with
increasing applied reverse bias voltage. The shape of these curves is comparable to
the single-colour measurements.
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Chapter Four
Conclusion
The invention and generation of ultrashort pulse light sourees has opened up
a diverse and wide range of applications due to their attributes, including pulse
duration, arbitrary repetition rate, high peak power and low timing jitter. These
applications include those such as real-time chemical reaction monitoring, materials
analysis, medical surgery, and indeed ultrahigh bit-rate optical communications.
High-speed semiconductor saturable absorbers have (SAs) have dramatically
improved ultrafast lasers to generate optical pulses in the picoseconds (ps) and
femtosecond (fs) ranges. This advancement has been further improved with the
development of quantum dot structures and consequently quantum dot (QD)
saturable absorbers. In essence, the objective of this investigation has been to verify
the efficiency and suitability of QD saturable absorber materials, to further and
enhance the progression of these devices, and, perhaps most importantly, to provide
a detailed understanding of the nature of the physical dynamical processes that occur
in these structures.
The carrier dynamics of an InAs/GaAs QD waveguide saturable absorber
have been investigated using a heterodyne pump-probe transmission spectroscopy
technique. The detailed measurements of absorption recovery of the QD waveguide
absorber, under applied reverse bias, were performed utilising both single-colour
pump probe spectroscopic technique and two-colour pump probe spectroscopy.
Single-colour pump probe spectroscopy was perfonned on the ground state.
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SCGS, and the first excited state, SCES, of the QD absorber. The experimental
timetraces obtained were classified into two groups depending on the reverse bias
voltage. The high voltage (5-9V) group recovery curves consisted of only one fast
stage which was attributed to tunnelling processes. The low voltage group (0-4V), on
the other hand, was found to possess two distinct stages of recovery (fast stage and
slow stage) and, hence, analysis was concentrated on this group.
A model was designed based on the differential rate equations for the intradot
carrier dynamics. The model assessed the SCGS measurements and the SCES
measurements separately based on the assumption of their initial occupation
probabilities. From fitting the model’s theoretical predictions with the experimental
results, it was concluded that phonon-mediated recovery dominates if the ground
state is pumped (SCGS) and Auger-mediated recovery dominates if the ES is
pumped. It was also established that the fast stage recovery was independent of
applied reverse bias voltage, whereas the slow stage was dependent on voltage. The
relative modulation strength of the absorber was studied by investigating the ratio of
the fast and slow stages of the recovery. It was concluded that the relative
contribution of the slow stage, in terms of the GS, could be reduced by increasing the
relative ratio of the capture and escape rates. This presumably could be achieved by
either controlling the growth parameters and/or the operating temperature.
Two-colour pump probe spectroscopy measurements were also performed on
the QD absorber structure. Both TCGS measurements, where the excited state is
pumped and the ground state is probed, and TCES, where the ground state is pumped
and the excited state is probed, were completed. The TCGS recovery curves
exhibited a noticeable lack of an instantaneous fast component, however, this fast
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stage was observed in the TCES reeovery eurves and in addition a two stage
reeovery. Moreover, the reeovery times for the TCES measurement were
eonsiderably faster. The exaet origin of these differenees has not been eoneluded.
The phase reeovery dynamies of the QD absorber for both single-colour and
two-colour pump probe spectroscopy cases was also performed. The recovery traces
were comparable to previous investigations of phase dynamics in both QW and QD
structures and the recovery times were found to be faster.
In totality, the investigations achieved in this thesis arc relatively novel as
there has not been a considerable amount of study completed in the area of the
carrier dynamics of QD saturable absorbers. For this reason, further analysis of the
results obtained in this body of work, particularly with respect to the phase
dynamics, should be accomplished.

A complete model of the phase dynamics,

including rigorous analysis of the Kramers-Kronig relations is required to be
developed.
Future experimental investigations should also include single-colour and
two-colour pump probe spectroscopy with pumping and probing of higher excited
states and the wetting layer of the QD absorber to provide a detailed understanding
of the influence of these states and the wetting layer on the recovery on the device.
Alteration of the polarisation of both the pump and probe beams could also present
interesting and valuable results with respect to the intraband and intradot carrier
dynamical processes. Variation of the temperature at which the pump-probe
measurements are achieved could also provide insight into the recovery processes.
Performing the experiments at lower temperature could eliminate escape of the
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carriers due to themial and tunnelling effeets and, henee, eapture proeesses would
only be present. Indeed, there are also numerous and varied possibilities to
investigate different types of materials and struetures in a broad range of pump-probe
spectroscopic conditions.
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